I. INTRODUCTION
A TECHNOLOGICAL push, due to the proliferation of wireless devices, has accelerated the need to find alternative technologies that increase device density, merge disparate technologies, while reducing the power budget. 3-D integration has emerged as a potential solution that supports mixed-signal systems without the need for greater process complexity. A critical component of 3-D systems, which is experimentally explored in this paper, is delivering power to multiple device planes [1] .
An important issue for 3-D integrated circuits (ICs) is the design of a robust power distribution network that can provide sufficient current to every load within a system. In planar ICs where flip-chip packaging is adopted as the packaging technique, an array of power and ground pads is allocated throughout the integrated circuit. Increasing current densities and faster current transients, however, complicate the power distribution design process. Three-dimensional integration provides additional metal layers for the power distribution networks through topologies unavailable in two-dimensional circuits. With 3-D technologies, individual planes can potentially be dedicated to delivering power.
The challenges of efficiently delivering power across a 2-D circuit while satisfying local current requirements have been explored for decades [2] , [3] . Two-dimensional power distribution networks are designed to achieve specific noise requirements. A variety of techniques have been developed to minimize both IR drops and noise [4] , [5] , such as multi-tiered decoupling placement schemes [6] - [8] and power gating [9] . These techniques have been effective with increasing current demands of each progressive technology node. 3-D integrated systems however are in its infancy, and much work is required to design efficient power distribution topologies for these vertically integrated systems.
Power delivery in 3-D integrated systems presents difficult new challenges for delivering sufficient current to each device plane. Stacking device planes in the vertical direction leads to higher power densities [10] . Specialized techniques are required to ensure that each device plane is operational, while not exceeding the target output impedance [3] . The focus of this paper is on a primary issue in 3-D power delivery, the power distribution network, and provides a quantitative experimental analysis of the noise measured on each plane within a three plane 3-D integrated stack.
The effects of the through silicon vias (TSVs) on the IR voltage drops and noise are significant, as the impedance of a 3-D power distribution network is greatly affected by the TSV density. In addition, the electrical characteristics of a TSV vary based on the 3-D via diameter, length, and dielectric thickness [11] , [12] . A comparison of two different via densities for identical power distribution networks is also provided in this paper, and implications of the 3-D via density on the power network design process are discussed.
The proper placement of decoupling capacitors can potentially reduce noise within the power network, while enhancing performance. The effect of board level decoupling capacitors on IR and noise in 3-D circuits is also described here. Methods for placing decoupling capacitors at the interface between planes to minimize the effects of inter-plane noise coupling are also suggested.
The 3-D test circuit is described in the following section. A brief summary of the MITLL 3-D process is provided in Section III. Experimental results of the noise characteristics of the power distribution networks are presented in Section IV. A discussion of the experimental results and the effect of the choice of power distribution topology on the noise characteristics of the power network is provided in Section V. Some conclusions are offered in Section VI.
II. DESIGN OF 3-D POWER DISTRIBUTION NETWORK TEST CIRCUIT
The fabricated test circuit is 2 mm 2 mm, and composed of four equal area quadrants. Three quadrants are used to evaluate the effects of the topology of the power distribution network on 0018-9200/$31.00 © 2012 IEEE the noise propagation characteristics, and one quadrant is dedicated to DC-to-DC conversion. Each stacked power network is 530 µm 500 µm, and includes three discrete two-dimensional power networks, one network within each of the three device planes. The total area occupied by each block is less than 0.3 mm , representing a portion of a power delivery network. Each block includes the same logic circuit but utilizes a different power distribution architecture. The power supply voltage is 1.5 volts for all of the blocks. The different power distribution architectures are reviewed in Section II.A, and the logic circuitry common to each power module is described in Section II.B.
A. 3-D Power Topologies
Interdigitated power/ground lines are used in each of the power network topologies. There are five main objectives for the test circuit: i) determine the peak and average noise within the power and ground distribution networks, ii) determine the effect of the board level decoupling capacitors on reducing power noise, iii) explore the effects of a dedicated power/ground plane on the power noise, iv) investigate the effects of the TSV density on the noise characteristics of the power network, and v) evaluate the resonant characteristic frequency of each power network topology.
The three topologies are illustrated in Fig. 1 . The difference between the left (Block 1) and central (Block 2) topologies is the number of TSVs, where the latter topology contains two-thirds the number of TSVs. The third topology (Block 3) replaces the interdigitated power and ground lines on the second device plane with two metal planes to assess the benefit of allocating dedicated power and ground planes to deliver current to the loads within a 3-D system. The interdigitated power and ground lines are both 15 µm wide and separated by a 1 µm space for all three power distribution networks. The power and ground planes of Block 3 are separated by a 1 µm space of inter-layer dielectric composed of plasma etched, chemical vapor deposited tetra-ethyl-ortho-silicate (TEOS). Based on the experimental results, enhanced understanding of the noise propagation properties of these 3-D power network topologies has been achieved.
B. 3-D Circuit Architecture
The three power networks utilize identical on-chip circuitry, with two of the topologies only differing by the total number of TSVs required to distribute power to the lower two device planes. With one network, 1,728 TSVs are placed along both the inner and outer interdigitated power/ground lines, as shown in Fig. 1(a) , while the second network includes 1,152 TSVs located along the outer peripheral interdigitated power/ground lines, as depicted in Fig. 1(b) . The third power network topology also includes 1,728 TSVs, but the interdigitated power network on the second stacked die is replaced with two metal planes, one for ground and one for power.
The basic logic blocks are illustrated in Fig. 2 . The power supply noise generators deliver different current to the power lines. These noise generators are placed on each plane of each power network topology. Voltage sense circuitry is included on each of the planes of each test block to measure the noise on both the power and ground lines. The second plane of the power delivery network, illustrated in Fig. 1 (c), does not include noise sense circuitry or noise generation circuitry as this plane is dedicated to power and ground. The voltage range and average voltage of the sense circuitry on each plane for each test block are compared for the three topologies illustrated in Fig. 1 .
A schematic of the on-chip circuitry on each plane of each power network is shown in Fig. 2 . The circuit is designed to emulate a power load drawing current, generating noise within the power and ground networks. Two sets of circuits are present, noise generating circuits and noise detection circuits. The noise generating circuits include ten current mirrors per device plane (fifteen for the second device plane), 250 MHz, 500 MHz, and 1 GHz ring oscillators, and five, eight, nine, and ten bit pseudorandom number generators (PRNG). The clock pulses generated by the ring oscillators are buffered and fed into the PRNGs, which are again buffered before randomly driving the current mirrors as enable bits. Each current mirror requires eight enable bits, with each enable bit turning on one branch of the current mirror which draws a maximum 4 mA current at increments of 0.5 mA (0.5 mA per branch). With ten current mirrors on each of the first and third device planes and fifteen current mirrors on the second plane, the maximum current drawn by each power network is 140 mA at 1.5 volts, producing a maximum power density of 79 W/cm in each 530 µm 500 µm topology.
The noise detection circuits include separate circuits for evaluating power and ground noise. A schematic of the power and ground detection circuits is shown in Fig. 3 . These single stage amplifier circuits utilize an array structured noise detection circuit, as suggested in [13] . Each device plane contains both power and ground noise detection circuits. An off-chip resistor, labeled in Fig. 3 , biases the output node of the PMOS current mirror (with a PMOS threshold voltage of 0.56 V), and ensures that the current mirror operates in the saturation region. The resistor is chosen to ensure that the maximum voltage at the output node of the current mirror does not exceed 400 mV, the voltage at which the current mirror enters the triode region. The measured current at the output of the current mirror ranges between 200 milliamperes and 300 milliamperes. Since is chosen as 100 , the maximum voltage at the output node is 300 mV. In addition, the intrinsic impedance , shown in Fig. 3 , is 50 . Two sets of ground-signal-ground (GSG) output pads source current from the final stage of the noise detection circuits of all three planes, as shown in Fig. 2 . One set of GSG output pads is dedicated to the three noise detection circuits that monitor the power network, while the other set of GSG pads supports the three noise detection circuits that monitor the ground network. Counter logic rotates the control of the output pads among the three device planes every 2 cycles (at a 250 MHz clock) for both the power and ground noise detection circuits. A second isolated power and ground network with a 2 µF board level decoupling capacitor ensures that the generated noise is not injected into the detection circuits.
III. 3-D IC FABRICATION TECHNOLOGY
The manufacturing process developed by MITLL for fully depleted silicon-on-insulator (FDSOI) 3-D circuits is described in [14] and [15] . The MITLL process is a wafer level 3-D 150 nm integration technology with up to three FDSOI 150 mm wafers vertically bonded with TSVs to form a 3-D circuit. The operating voltage of the SOI transistors is 1.5 volts. The technology includes one polysilicon layer and three metal layers interconnecting the devices on each wafer. A backside metal layer also exists on the upper two planes, providing the starting and landing pads for the TSVs, and the I/O, power supply, and ground pads for the overall 3-D circuit. An attractive feature of this process is the high density TSVs. The dimensions of the TSVs are 1.25 µm 1.25 µm, and 10 µm deep, much smaller than many existing 3-D technologies [16] , [17] . Two of the SOI wafers are thinned to less than 15 µm, while the third layer is used as a handle wafer with a substrate thickness of around 675 µm [14] . An intermediate step of the fabrication process is illustrated in Fig. 4 . As depicted in this figure, this process includes both face-to-face and face-to-back plane bonding. The SOI device layers are used for both monolithic [18] and wafer level 3-D integrated systems. SOI is an effective technology for 3-D circuits since the wafers can be aggressively thinned as compared to standard bulk CMOS technologies [19] . This capability results in significantly shorter TSVs, a critical issue in 3-D systems. The primary obstacle for 3-D SOI technologies is the high thermal resistance of the oxide which impedes the heat removal process [20] . A microphotograph of the fabricated die is shown in Fig. 5 .
IV. EXPERIMENTAL RESULTS
The noise generated within the power distribution network is detected by a source follower amplifier circuit. A schematic of the amplifier circuit is depicted in Fig. 3 . The sense circuits can detect a minimum voltage of 165 µV (from simulation). Noise from the digital circuit blocks is coupled into the sense circuit through the node labeled . The gain of the circuit is controlled by adjusting the analog voltage, labeled in Fig. 3 .
The gain and bandwidth of both the power and ground network noise detection circuits are calibrated by S-parameter extraction. The measured results are shown in Fig. 6 . The simulated DC gain and 3 dB bandwidth of the power network detection circuit are, respectively, 3.8 dB and 1.4 GHz. The measured DC gain and 3 dB bandwidth are, respectively, 4.1 dB and 1.3 GHz. Similarly, the simulated DC gain and 3 dB bandwidth of the ground network detection circuit are, respectively, 4.0 dB and 1.35 GHz, and the measured DC gain and 3 dB bandwidth are, respectively, 4.25 dB and 1.15 GHz. For both the power and ground detection circuits, the measured gain is within 3.4% of simulations. The models include the on-chip interconnect (15 ), the bias-T inductance (340 µH) and capacitance (3 µF), the resistance to bias the output node, and the 50 intrinsic impedance of the network analyzer, as shown in Fig. 3 .
The power spectral density of the generated noise within the power network with the voltage bias on the current mirrors set to 0.75 volts is shown in Fig. 7 . The noise data shown on the top half of Fig. 7 include the effect of a 4 µF board level decoupling capacitance, whereas the noise data on the bottom half of Fig. 7 are without any decoupling capacitance between the [14] . The second plane is flipped and bonded with the first plane, while the third plane is bonded face-toback with the second plane. The backside metal layer, vias, and through silicon vias are also shown [14] .
power and ground networks. Both plots illustrate the three noise components produced by the 250 MHz, 500 MHz, and 1 GHz ring oscillators. No on-chip decoupling capacitance is added to the three power distribution topologies other than the intrinsic capacitance of the power and ground networks. The peak noise power does not precisely match the ring oscillator frequencies as the ring oscillators are not tuned to the targeted 250, 500, and 1000 MHz frequencies. The peak noise therefore occurs at 97 MHz ( 49 dB), 480 MHz ( 47 dB), and 960 MHz ( 50 dB) with a board level decoupling capacitor, and at 96 MHz ( 27 dB), 520 MHz ( 29 dB), and 955 MHz ( 33 dB) without a decoupling capacitor. The inclusion of a board level decoupling capacitor reduces the peak noise within the power networks by approximately 20 dB. A time domain analysis of the generated noise is used to compare the three different power networks. The detected noise voltage is measured after the intrinsic capacitance of the bias T junction that couples the noise into the oscilloscope and spectrum analyzer (see node labeled port0 in Fig. 3 ). The noise amplitude with increasing current mirror bias voltage (from 0 to 1 volt) is depicted in Fig. 8 . These results indicate that the current mirrors function properly. The 4,096 data points used to generate each subfigure shown in Fig. 8 are centered around 0 volts for both the power and ground network, as only the RF component is passed to the oscilloscope. The average noise for each topology, with or without a board level decoupling capacitance, and for both the power and ground networks as a function of the applied bias voltage to the current mirrors, is shown in Fig. 9 . In all cases, with or without decoupling capacitors, the network topology that includes the metal planes reduces the average noise as compared to the other two topologies, as the metal planes behave as an additional decoupling capacitor. The number of TSVs also affects the magnitude of the noise, as shown in Fig. 9 . Reducing the number of TSVs by half increases the average amplitude of the noise by 2% to 14.2%, as the parasitic impedance of the three-dimensional power network is larger. The amplitude of the noise is less than twice as great since the portion of the impedance contributed by the TSVs along the path from the power supply through the cables and wirebonds into the 3-D power network and back is a small fraction of the total impedance.
The peak noise for each topology, with or without a board level decoupling capacitance and for both the power and ground networks as a function of the applied bias voltage to the current mirrors, is shown in Fig. 10 . Unlike the average noise shown in Fig. 9 , the peak voltage detected from each topology does not follow a distinct pattern. No single topology produces the largest noise voltage at any specific current mirror bias voltage. These voltages represent single data points indicative of the maximum peak-to-peak noise voltage for each topology at each bias voltage. For the average noise voltage, Block 3 produces a lower average noise than Block 1, which produces a lower average noise than Block 2. Interestingly, the average noise for each topology is approximately 75% to 90% lower than the peak-to-peak noise voltage, indicating that a majority of the noise data are located within close proximity of the nominal power and ground voltages. In addition, the saturation voltage of the detection circuitry at the output node (port0) is approximately 230 mV when the gain is 4.2 dB. The noise detection range is approximately 600 mV centered around 1.5 volts and 0 volts, respectively, for the power and ground lines. The detection circuits for the power network, therefore, detect noise that ranges from 1.2 volts to 1.8 volts, and for the ground networks, from 0.3 volts to 0.3 volts.
In addition to the peak and average noise voltage measurements for each power network topology, an analysis of the current drawn by the digital power network is presented. The measured current for each block within the test circuit as a function of the bias voltage applied to the current mirrors is listed in Table I . Each topology draws a similar amount of current as the total number of current mirrors for each power network is identical. The data listed in Table I reveal that Blocks 1 and 2 sink similar currents. Block 3 draws about 30% to 45% more current as compared to the other two topologies. The Block 3 topology includes power and ground planes on the second device plane; therefore, in this topology, both leakage between these two large planes as well as leakage from the TSVs distributing power to the bottom plane contribute additional current. Based on the currents listed in Table I and a 1.5 volt power supply, a peak power density of 59.8 W/cm is achieved for Block 3 when the current mirrors are biased with a voltage of 1.25 volts.
V. EFFECT ON 3-D POWER DISTRIBUTION TOPOLOGIES
The choice of power distribution topology affects the noise propagation characteristics of the power network, as indicated by the results described in Section IV. Additional insight into the design of the power networks (see Section V.A), and a discussion on the effect of the design of the 3-D power distribution network based on the experimental results (see Section V.B) is provided in this section.
A. Pre-Layout Design Considerations
Several considerations are accounted for in the design of the power distribution topologies. One issue is the placement of a sufficient number of TSVs to ensure the mitigation of electromigration between planes. The total number of TSVs required to satisfy a target current density of 1 10 A/cm , a current load of 0.14 amperes, a TSV diameter of 1.25 µm, and a footprint of 530 µm by 500 µm (the footprint area of each power distribution network) verifies that the 576 and 864 TSVs per plane, respectively, for Block 2 and Blocks 1 and 3, far exceed the necessary twelve TSVs to mitigate electromigration. The number of TSVs to satisfy electromigration constraints is determined as follows, (1) (2) The diameter of the TSV determines the "keep out zone" surrounding the TSV, an area where no devices can be fabricated. For the MIT Lincoln Laboratories 3-D technology, the keep out zone is approximately two times the diameter . A square area with a width of and depth of is therefore used to determine the area penalty per TSV. An area of 1.36% and 2.04% of the 530 µm by 500 µm area is occupied by each power distribution topology on each device plane for, respectively, 576 and 864 TSVs. The area is the same for planes 2 and 3, where all I/Os originate from plane 3. No area penalty on device plane 1 exists as no TSVs are necessary in this front-to-back bonded plane (the TSVs land on metal 3 on plane 1). For a keep out zone equivalent to , the area penalty is 3.06% and 4.58%, respectively, for 576 and 864 TSVs.
To determine the resonant frequency of each topology, a model of the 3-D power distribution networks includes the impedance of the cables, board, wirebonds, on-chip DC pads, TSVs, and the power distribution network on each device plane. The equivalent electrical parameters are listed in Table II , and the capacitance of the 3-D power distribution topologies is listed in Table III . The impedances listed in Table II for the cables, board, and wirebonds are divided into three equivalent -models to characterize the distributed nature of the lines, as shown in Fig. 11 .
The interdigitated power and ground lines in metal 3 are 530 µm long, 15 µm wide, and exhibit a sheet resistance of 0.08 per sheet, producing a 2.83 resistance. Similarly, the metal 2 lines are 500 µm long, 15 µm wide, with a sheet resistance of 0.12 per sheet, producing a 4 resistance. Each power and ground line is divided into eight equal RLC -model segments to represent the distributed nature of the on-chip metal lines. An inductance of 1 pH is added to each -model segment. There are three horizontal pairs (metal 3) of power and ground lines as well as three vertical pairs (metal 2) of power and ground lines for each interdigitated power distribution network on each device plane. The RLC parameters for a single -segment of the interdigitated topology models the plane topology, but the connections between segments is modified to better characterize the power and ground planes, as shown in Fig. 11 .
The resonant frequency for the three different power distribution networks is determined with and without board level decoupling capacitors, and with and without an on-chip load capacitance (in addition to the intrinsic capacitance of the power distribution network). The resulting resonant frequency for the three power distribution topologies for the different capacitive configurations is listed in Table IV . The resonant frequencies reported in Table IV account for the distributed inductance of the cables, board, wirebonds, and on-chip power distribution network. The on-chip inductance produces the highest resonant frequency reported in Table IV for any given block. The other three resonant frequencies, from the smallest to the largest, are dependent, respectively, on the cable, board, and wirebond inductances. The presence of a board-level decoupling capacitor eliminates all but the the highest resonant frequency, the resonance caused by the on-chip inductance.
B. Design Considerations Based on Experimental Results
Based on the experimental results, both doubling the number of TSVs and utilizing a dedicated power and ground plane lowers the power noise. Although the noise is lower with both a greater number of TSVs and dedicated power network planes (2% to 14.2% lower noise, as listed in Table V), the power noise is limited by the small series resistance of the 3-D power network as compared to the larger series resistance of the cables and wirebonds, as described in Section V.A.
Two issues in 3-D power distribution networks are considered based on the experimental results: 1) the benefit of the power and ground planes to justify the use of two metallization levels, and 2) the benefits and drawbacks of increased TSV density on area and reducing noise. Addressing 1), the power planes provide an additional reduction of 0.2% to 5.5% in average noise as compared to the fully interdigitated topology. The reduction in average noise is primarily due to the increased capacitance of the power and ground networks, as indicated in Table III . The average noise characteristics of the planes topology can be further improved by increasing the size of the power/ground planes or using multiple metal layers for both power and ground. The use of full planes to deliver current to the load does require significant metal resources, and therefore this cost must be considered. In addition, the power planes complicate the design of the signal interconnects, where holes are required in the power/ground planes to pass signals between device planes. For those applications where additional noise reduction is required, extra metallization and design complexity may be justified.
The TSV density provides the greatest reduction in average noise, ranging from 2.7% to 14.0%, as listed in Table V . The additional area penalty when increasing the number of TSVs by 50% from 576 to 864 is 0.68% (1.36% as compared to 2.04%), noting that the area penalty is also dependent on the keep out region, as described in Section V.A. The increased area due to the higher TSV density is small as compared to the large reduction in average noise. 
VI. CONCLUSIONS
The design of a power distribution network for application to 3-D circuits is considerably more complex than the design of a two-dimensional power network. The preferable topology of a power distribution network is not dictated by a single design objective but rather by the overall 3-D system level requirements including the availability of I/O pins, and number of bonded planes.
A three-dimensional (3-D) test circuit examining power grid noise in a 3-D integrated stack has been designed, fabricated, and tested. Three topologies to distribute power within a 3-D circuit have been evaluated, and an analysis of the peak noise voltage, voltage range, average noise voltage, and resonant frequency characteristics for both power and ground is described. Fabrication and vertical bonding were performed by MIT Lincoln Laboratory for a 150 nm, three metal layer SOI process. Three wafers are vertically bonded to form a 3-D stack. A noise analysis of three power delivery topologies is described. Calibration circuits for a source follower sense circuit compare the different power delivery topologies as well as the individual 3-D circuits. The effect of the TSV density on the noise profile of a 3-D power delivery network is experimentally described. A comparison of the peak noise and resonant behavior for each topology with and without board level decoupling capacitors is provided and suggestions for enhancing the design of the power delivery network are offered. This test circuit provides greater understanding of topology dependent noise generation and propagation in 3-D power delivery systems.
